Cyclooxygenase-2 (COX2) is a primary inflammatory mediator that converts arachidonic acid into precursors of vasoactive prostaglandins, producing reactive oxygen species in the process. Under normal conditions COX2 is not detectable, except at low abundance in the brain. This study demonstrates a distinctive pattern of COX2 increases in the brain over time following traumatic brain injury (TBI). Quantitative lysate ribonuclease protection assays indicate acute and sustained increases in COX2 mRNA in two rat models of TBI. In the lateral fluid percussion model, COX2 mRNA is significantly elevated (>twofold, p < 0.05, Dunnett) at 1 day postinjury in the injured cortex and bilaterally in the hippocampus, compared to sham-injured controls. In the lateral cortical impact model (LCI), COX2 mRNA peaks around 6 h postinjury in the ipsilateral cerebral cortex (fivefold induction, p < 0.05, Dunnett) and in the ipsilateral and contralateral hippocampus (two-and sixfold induction, respectively, p < 0.05, Dunnett). Increases are sustained out to 3 days postinjury in the injured cortex in both models. Further analyses use the LCI model to evaluate COX2 induction. Immunoblot analyses confirm increased levels of COX2 protein in the cortex and hippocampus. Profound increases in COX2 protein are observed in the cortex at 1-3 days, that return to sham levels by 7 days postinjury (p < 0.05, Dunnett). The cellular pattern of COX2 induction following TBI has been characterized using immunohistochemistry. COX2-immunoreactivity (-ir) rises acutely (cell numbers and intensity) and remains elevated for several days following TBI. Increases in COX2-ir colocalize with neurons (MAP2-ir) and glia (GFAP-ir). Increases in COX2-ir are observed in cerebral cortex and hippocampus, ipsilateral and contralateral to injury as early as 2 h postinjury. Neurons in the ipsilateral parietal, perirhinal and piriform cortex become intensely COX2-ir from 2 h to at least 3 days postinjury. In agreement with the mRNA and immunoblot results, COX2-ir appears greatest in the contralateral hippocampus. Hippocampal COX2-ir progresses from the pyramidal cell layer of the CA1 and CA2 region at 2 h, to the CA3 pyramidal cells and dentate polymorphic and granule cell layers by 24 h postinjury. These increases are distinct from those observed following inflammatory challenge, and correspond to brain areas previously identified with the neurological and cognitive deficits associated with TBI. While COX2 induction following TBI may result in selective beneficial responses, chronic COX2 production may contribute to free radical mediated cellular damage, vascular dysfunction, and alterations in cellular metabolism. These may cause secondary injuries to the brain that promote neuropathology and worsen behavioral outcome.
INTRODUCTION
FOLLOWING TRAUMATIC BRAIN INJURY (TBI), arachidonic acid is released from cell membranes (Sevanian and Kim, 1985; Shohami et al., 1989; Dhillon et al., 1994; Prasad et al., 1994; Lewén et al., 1996; Marklund et al., 1996) and converted to prostaglandins by cyclooxygenases. In animal models of TBI, brain prostaglandin levels have been shown to rise rapidly postinjury (Ellis et al., 1989; Dewitt et al., 1988; Shohami et al., 1987) . Prostaglandin changes in these studies seemed to be associated with brain injury itself; changes in cerebral blood flow following TBI rarely declined to levels associated with ischemia-induced prostaglandin increases (Obrist et al., 1984; Povlishock and Kontos, 1985; Kempski et al., 1987; Ellis et al., 1988; McIntosh, 1989, 1991; Bouma and Muizelaar, 1992; Muir et al., 1992; Kochanek et al., 1995; von Stück et al., 1996) .
Prostaglandins affect cerebrovascular tone (Ellis et al., 1979; Kontos et al., 1980a,b; Wei et al., 1980) , regulate platelet aggregation, and act as chemokines (Cao et al., 1995) . In addition, prostaglandins mediate a number of processes in the central nervous system, for example, temperature regulation (Saper and Breder, 1992) , glutamate release (Nishihara et al., 1995) , and hippocampal long-term potentiation (Wolf et al., 1995; Nishizaki et al., 1999) .
Cyclooxygenase-2 (COX2) is a primary inflammatory mediator that converts arachidonic acid from damaged membranes into vasoactive prostaglandins, producing reactive oxygen species in the process (Kontos et al., 1980a; Ellis et al., 1989) . Following TBI, these free radicals damage neural membranes, white matter, and the tight junctions that form the blood-brain barrier. Peroxidative reactions may also be implicated in the progressive vascular damage that endangers autoregulation and leads to arteriolar spasm and thrombosis. Thus, the products of COX2 likely play a role in secondary responses that may result in increased intracranial pressure, vasospasm, and ischemia, resulting in worsened outcomes.
While COX2 is normally rare or absent in most organs of the body, low levels of COX2 mRNA are expressed in mammalian brain (Feng et al., 1993; Seibert et al., 1994) . COX2 has also been found in postmortem human brain (reviewed by O'Banion, 1999) . COX2 protein is normally found in neuronal cell bodies and dendrites (Tsubokura et al., 1991; Breder et al., 1992 Breder et al., , 1995 Kaufmann et al., 1996) . Basal levels of COX2 are found in the neurons of the cortex and hippocampus, but not in glia or endothelial cells. COX2 mRNA has been readily observed in rat brain in hippocampal pyramidal and granule cells, cerebellar granule cells, the pyramidal cells of piriform cortex, cellular layers of cerebral cortex, central nucleus of the amygdala, and several hypothalamic nuclei (Li et al., 1993; Yamagata et al., 1993; Breder et al., 1995) . Lower levels are detectable in many other neurons throughout the brain.
The first indication of an inducible, inflammatory cyclooxygenase was from Needleman's group, who observed increased COX protein levels in human fibroblasts treated with interleukin-1 (IL-1) or lipopolysaccha-ride (LPS; Raz et al., 1988; Fu et al., 1990) . Levels of COX1, prostacyclin synthetase and thromboxane synthase are thought to remain relatively constant during inflammatory challenge, whereas COX2 expression is inducible.
COX2 expression increases in the CNS in response to numerous insults. While basal COX2 appears to be regulated by normal glutamatergic synaptic activity in the adult brain, COX2 can be transiently induced by pathological exposure to glutamate agonists or blocked by NMDA receptor mediated inhibition (Yamagata et al., 1993; Chen et al., 1995; Kaufmann et al., 1996; Adams et al., 1996; Marcheselli and Bazan, 1996) . Neuronal induction of COX2 occurs after traumatic brain injury (Graham et al., 1996a; Strauss et al., 1997 Strauss et al., , 1998 , spinal cord injury (Resnick et al., 1998) , cerebral ischemia Graham et al., 1996b; Nogawa et al., 1997; Kong et al., 1997; Sanz et al., 1997; Walton et al., 1997) , spreading depression (Caggiano et al., 1996) , and seizures (Yamagata et al., 1993; Adams et al., 1996; Marcheselli and Bazan, 1996; Wallace et al., 1998) . COX2 expression is also regulated by inflammatory cytokines both in the periphery and in the CNS (Seibert et al., 1994; Moore et al., 1997; Ott et al., 1994; Young and Ott, 1996) . COX2 appears in cerebral endothelial cells, leptomeninges, and choroid plexus after systemic LPS, IL-1β (but not IL-6), and TNFα (Cao et al., 1997; Busija et al., 1996; van Dam et al., 1996; Lacroix and Rivest, 1998) .
Finally, abnormal brain COX2 expression has been observed clinically in Alzheimer's disease (Lukiw and Bazan, 1997; Pasinetti and Aisen, 1998) , spinal cord injury, and cerebral infarction (Sairanen et al., 1998) . The discrete localization and distinct regulation of COX2 gene expression in the brain provide a rational basis to suspect that perturbation of prostanoid metabolism may play a significant role in the neuropathology of TBI. However, no systematic studies have been reported on the regional neuroanatomical changes in COX2 after TBI. The cerebral cortex and hippocampus are clearly associated with the major neurological deficits observed in TBI. The current studies examine the distribution of COX2 induction in these brain regions following a lateral cortical contusion model of TBI in the rat.
METHODS AND MATERIALS Traumatic Brain Injury
All animal protocols used were approved by Temple University IACUC. For the lateral cortical impact studies, Sprague-Dawley rats (male, 300-400 g, Harlan) were preanesthetized with isoflurane (Abbott Labs, North Chicago, IL) and maintained at a surgical level of anesthesia with a facemask using oxygen and isoflurane (∼0.75%, Verni-trol vaporizing system, Ohio Medical Products, Madison, WI). The modified valve assembly from a Baby Blue Infant Resuscitator (Vital Signs Inc., Totowa, NJ) was used to prevent the rebreathing of exhaled gas. After immobilization in a stereotaxic device, a 6-mm craniectomy was performed between the left lateral ridge and the sagittal suture, midway between bregma and lambda, leaving the dura mater intact. Animals were randomly assigned to sham or moderate injury groups. Traumatic brain injury was induced via a cortical contusion using a pneumatic piston (5-mm diameter, 4 m/sec, 250 msec) to a depth of 3 mm. The injury site encompassed much of the left somatosensory and visual areas, as well as parietal association cortex. The skin was approximated using nylon sutures without replacing the bone flap and anesthesia was terminated. Postinjury exclusion criteria used were latency of pinna and corneal reflexes (5 min), as well as righting response (10 min). Sham-operated controls were surgically prepared but were not injured. The lateral fluid percussion injuries were performed as described using male Sprague-Dawley rats of the same size and vendor. An injury of moderate severity (2.3-2.5 atm) was induced.
Tissue Preparation
All reagents were from Fisher Scientific, unless otherwise noted. For the lateral cortical impact (LCI) mRNA studies, conscious animals were decapitated in a sharpened guillotine. Brains were rapidly dissected, frozen on powdered dry ice and stored at −80°C. Frozen brains were coronally sectioned, alternating 20-μm and 300-μm sections in a cryostat microtome (IEC) at −8°C. Pretreated slides (cleaned with 9% nitric acid and twice coated with 1.5% gelatin in 5 mM chromium potassium sulfate) were used and the thin sections were stored with a desiccant at −80°C. Thick sections were rapidly thaw mounted on slides, refrozen on powdered dry ice, and stored at −80°C. Fresh frozen thin sections were used for in situ hybridization (autoradiographs), micropunches were removed from thick sections for RNA and protein analyses (described below). For the lateral fluid percussion TBI mRNA study, fresh brain regions (ipsi-and contralateral to injury) were rapidly dissected (on PBS saturated filter paper on ice), sonicated in 6M GE (∼250 mg/mL), frozen on dry ice, and stored at −80°C. Cortex (inferolateral to the craniectomy site), hippocampus (the entire vital structure), and whole cerebellum were studied. In contrast, for the lateral cortical impact studies, micropunches were dissected (at −10°C using a 1,000-μm cannula) from 300-μm frozen sections (Palkovits, 1973) . Specific brain regions were immediately transferred to and sonicated in 40 μl of 6M guanidine thiocyanate, 0.13M EDTA (6M GE) and stored at −80°C (Strauss and Jacobowitz, 1993) . For micropunch immunoblots, brain regions of interest were dissected (as above), immediately sonicated in ice cold buffer H (10 mM potassium phosphate, 10 mM EDTA, 1 mM dithiothreitol, pH 7.4) and clarified (20 min at 15k ×g, 0°C). An aliquot of supernatant was taken for total protein analysis (Bradford microassay, Biorad) before the specimen was mixed with 0.25 volumes of 5× Laemmli buffer, boiled 5 min, and frozen at −80°C.
For histochemistry, LCI animals were deeply anesthetized with isoflurane and perfused transcardially with phosphate buffered saline (PBS, ∼125 mL) and then PBS containing 4% formaldehyde (PBSF, ∼200 mL). Brains were removed and stored in PBSF for 1 h at 4°C. Cryoprotection was performed by incubation for 3 days in 20% sucrose (in PBS) at 4°C, after which brains were frozen on powdered dry ice and stored at −80°C. Cryostat microtome sectioning (20 μm) was performed at −20°C. Sections were positioned on pretreated slides and stored with a desiccant at −80°C. These were used for in situ hybridization (emulsion dipping) and immunohistochemistry.
Immunohistochemistry
Before immunohistochemistry, sections were post-fixed 10 min with PBSF. For horseradish peroxidase (HRP) staining, sections were quenched for endogenous peroxidase followed by 4% Carnation dry milk (BLOTTO) for 20 min. These sections were incubated (3 days at 4°C) with monoclonal anti-human COX2 (1:2,000, Cayman). After washing in BLOTTO and incubation with anti-mouse IgG-HRP conjugated secondary antibodies (1:200, Jackson ImmunoResearch), the signal was visualized by standard immunohistochemical methods using diaminobenzidine. Colocalization studies were achieved by fluorescence immunohistochemistry as described (Isaacs et al., 1995) , using rabbit anti-COX2 (1:2,000, Cayman), and cell-type specific antigens: monoclonal anti-MAP2 (1:1,000, kind gift of Dr. Itzhak Fisher) for neurons and monoclonal anti-GFAP IgG (1:2,000, Zymed Laboratories) for activated astrocytes. Appropriate secondary antibodies, conjugated to either Cy3 or fluorescein (Jackson ImmunoResearch), were applied as above. Negative controls, performed by omitting primary antibodies, showed no significant staining in these studies. Sections were visualized using an Olympus fluorescence microscope. Results were based on blinded observations from multiple animals (n = 3 per time point) using single and double labeling procedures.
Molecular Probes
The COX2 cDNA was cloned using a high-fidelity reverse transcriptase-polymerase chain reaction system (Clontech) from total rat brain RNA, using the primer sequences of DuBois et al. (1994) . It consisted of the 724-base pair (bp) fragment (position 377-1,101 with respect to the initiation codon) subcloned into pGEM-5Zf+ (Promega). The cyclophilin cDNA (CYC, a "housekeeping" gene, has a constant level of expression under most circumstances) was subcloned into the same vector using a 309-bp fragment (−8 to 300 [Danielson et al., 1988] ). Clones were confirmed by restriction enzyme analyses. RNA probes were synthesized from linearized, purified cDNA templates, using T7 RNA polymerase in the presence of 32 P-labeled ribonucleoside triphosphates (specific activity 5 × 10 5 dpm/ng). Full-length antisense transcripts were purified by acrylamide-urea gel electrophoresis, autoradiography (10 sec), excision from the gel and elution in 0.5 M ammonium acetate (pH 6.3), 1 mM EDTA, 0.2% sodium dodecylsulfate (SDS).
In Situ Hybridization
Several thin sections were taken from each level of interest for in situ hybridization histochemistry as described (Strauss and Jacobowitz, 1993) , except that 35 S-labeled RNA probes (specific activity 7.5 × 10 5 dpm/ng, produced as above) were hybridized at 42°C and washed at 50°C. Fixed sections were used for emulsion dipping experiments. Negative controls included application of sense probe and pretreatment of selected sections with ribonuclease (RNase) before postfixing. Neither of these control conditions exhibited any signal. Results were based on observations from multiple animals (n = 3 per time point).
mRNA Quantitation
Moles of mRNA can be determined using lysate RNase Protection Assays (RPAs; Strauss and Jacobowitz, 1993) . Briefly, an excess of 32 P-labeled syngeneic antisense RNA probe was hybridized directly with the target mRNA in the tissue lysate (40 μL) overnight at 37°C. RNase (24 μg/mL) was added and the double-stranded RNA hybrids (protected from RNase degradation) were purified away from background contaminants by organic extractions, ethanol precipitation, and native polyacrylamide gel electrophoresis. Each gel was air dried between two sheets of cellophane (EazyBreeze, Hoefer) and autoradiographed overnight at −80°C. Gel pieces containing full-sized hybrids were excised from the gel, using the autoradiograph as a guide. The radioactive decay in each band, measured by scintillation counting, was converted to moles (via the specific activity) and to grams of mRNA (via the ratio of probe to message length). Values presented are normalized by total protein (mRNA fg/μg protein); normalization using an internal control mRNA, cyclophilin (COX2/CYC, mole %) gave the same results.
Micropunch Immunoblot Analysis
Proteins (25 μg) from specific brain regions were separated on denaturing polyacrylamide gels (7%) and electrophoretically transferred to nitrocellulose. Multiple blots were processed in parallel (back to back) throughout the process for optimal comparisons. Membranes were blocked (4% bovine serum albumin, 0.5% Tween 20) and incubated (2 h shaking at room temperature) with primary antiserum: rabbit anti-mouse COX2 (1:2,000, Cayman Chemical), rabbit anti-mouse COX1 (1:2,000, Cayman Chemical), or rabbit anti-mouse prostacyclin synthase (1:2,000, kind gift of Dr. Stuart Myers). Membranes were washed in PBS, 0.1% Tween 20, incubated with donkey anti-rabbit IgG conjugated to horseradish peroxidase (1:5,000, preadsorbed with rat serum, Pierce Chemical), washed again and incubated 5 min in chemiluminescence reagent (Supersignal, Pierce Chemical). Membranes were wrapped in plastic and exposed to x-ray film (0.5-10 min). Autoradiographs were analyzed by densitometry, using NIH Image to quantify the 72-kDa COX2 band. Membranes were stripped (shaking 30 min at 50°C in 2% SDS, 100 mM tris (pH 8), 100 mM 2-mercaptoethanol) and reexposed to film for 1 h before reuse (up to three times).
Data Analysis
Results are presented as mean ± SE. Statistical analyses were carried out using STATVIEW software (Abacus Concepts, Inc.). Analysis of variance was performed followed by post-hoc comparisons comparing experimental groups to sham controls (Dunnett's test) or to other experimental groups (Scheffé's test). A p value of < 0.05 was required to reject the null hypothesis that the group means were equivalent.
RESULTS
These studies were conducted using a (3 × 2 × t) design, assessing COX2 (1) mRNA levels, (2) protein levels, and (3) cell type-specific distribution. These results were obtained for COX2 expression ipsilateral and contralateral to injury at several time points. Our LCI studies focused on a neuroanatomical slice (bregma −2.8 to −4.3 mm [Paxinos and Watson, 1986] ) that included the anterior part of the injury site, dorsal hippocampus, and other regions that normally express COX2 (Breder et al., 1995) . In each section, results for cerebral cortex are presented first, followed by hippocampus.
Localization of COX2 mRNA Increases Following Lateral Cortical Impact Traumatic Brain Injury
In situ hybridization histochemistry (ISHH) was utilized to qualitatively localize neuroanatomical and temporal fluctuations in COX2 mRNA following lateral cortical impact TBI. Fresh frozen sections (Fig. 1A) were from the same brains used for micropunch analyses (Figs. 2 and 3 ). Sham-injured and naive brains showed a low level of COX2 mRNA dispersed throughout the cortex (Fig. 1A, left ) that was not present in the ribonuclease negative controls. Shams also showed slight increases in the ipsilateral cortex at the earliest time points, but this was the maximum extent of sham signal observed. Within 2 h postinjury, COX2 signal in the cortex appeared to increase in the superficial and middle layers, proximal to the site of injury ( Fig. 1A , at 2 h). By 6 h, increased signal was detected in the ipsilateral piriform and amygdaloid regions ( Fig. 1A , at 6 h). COX2 mRNA also increased in the ipsilateral perirhinal cortex, adjacent to the rhinal notch ( Fig. 1B , formalin-fixed tissue). At 24 h postinjury, COX2 mRNA in the ipsilateral cortex appeared greater than sham levels, whereas most of the piriform signal had dissipated (Fig. 1A,B , at 24 h). After 72 h, COX2 mRNA in the injured cortex remained elevated, with apparently increased signal in the mid-cortical layers, particularly in the perirhinal region ( Fig. 1A, at 72 h) . Only slight changes were observed in the contralateral parietal cortex.
Within 2-6 h postinjury ISHH also showed COX2 mRNA induction in the hippocampus (Fig.  1A , at 2 and 6 h). Strongly increased signal was observed primarily in the ipsilateral granule cell layers of CA2, CA3, and dentate gyrus, as well as in the contralateral hippocampus. Between 6 and 24 h, COX2 mRNA was induced bilaterally in the dentate gyrus ( Fig. 1A , at 6 and 24 h). There appeared to be much variability in the ipsilateral CA1 to CA3 regions at the 24-h time point. In several cases, the ipsilateral CA1-2 exhibited strong signal while the CA3 signal was attenuated. By 72 h postinjury, COX2 mRNA signal in the hippocampal region had dissipated. At 7 days, COX2 signal in both the cortex and hippocampus had returned toward sham levels ( Fig. 1A at 7 days) .
Quantitation of COX2 mRNA in Parietal Cortex and Hippocampus
In order to quantify COX2 mRNA induction following TBI, lysate RPAs were performed. Brain regions from two TBI models, the lateral cortical impact (LCI) and lateral fluid percussion (LFP) models, were analyzed. Uninjured (sham) rat brains revealed baseline levels of COX2 mRNA bilaterally in the parietal cortex and hippocampus (Fig. 2, SHAMS ). An order of magnitude lower level was detected in the cerebellum (LFP, Fig. 2A ), and no COX2 mRNA was detected in the dorsal thalamic nuclei (LCI, data not shown).
Both acute and prolonged elevations of COX2 mRNA were observed after TBI in the LFP ( Fig. 2A,B) and LCI (Fig. 2C,D) models. Levels of COX2 mRNA in injured cortex (Fig. 2,  top) were induced two-to fivefold at 6-24 h, and remained elevated at 72 h postinjury, as compared to shams (p < 0.05, Dunnett). Contralateral cortex showed corresponding statistically significant increases in both models, though the changes observed after LCI were less dramatic.
At 7 days, the cortex specimens from the LFP rats showed a trend toward increased COX2 mRNA ( Fig. 2A , p = 0.08). Hippocampus (Fig. 2, bottom) also exhibited early bilateral two-to fivefold COX2 mRNA increases in both injury models. The contralateral hippocampus expressed higher levels of COX2 mRNA than ipsilateral hippocampus at 6 h after LCI (p < 0.05, Scheffé, Fig. 2D ; note the discontinuous ordinate and large error at this time).
No alterations in cyclophilin mRNA levels (measured concurrently in each specimen) or total sample protein were observed. Finally, using the same LFP specimens, no significant changes were observed in COX1 and prostacyclin synthase mRNA levels (data not shown).
Increases in COX2 Protein Following Lateral Cortical Impact Traumatic Brain Injury
Immunoblot analysis (Fig. 3A , using micropunches from the same LCI thick sections as Fig.  2C ) showed a significant increase of COX2 protein in the ipsilateral parietal cortex starting at 24 h postinjury (p < 0.05, Dunnett; Fig. 3B and Table 1 ). Earlier time points (2 and 6 h), though elevated above sham levels, yielded high variability and were eliminated from this analysis. In a separate experiment, hippocampal COX2 protein was also measured using micropunch immunoblot analysis (Table 1 ). The peak level of hippocampal COX2 appeared to occur at 24 h postinjury. This was followed by an apparent return to sham levels ipsilaterally by 3 days and contralaterally between 3 to 6 days postinjury. Due to high variability, these changes did not reach statistical significance using parametric analyses. As mentioned above, this degree of variability was attributed to interanimal variation in the rate and extent of de novo COX2 transcription and translation following injury.
Patterns of COX2 Induction in the Rat Brain Following Lateral Cortical Impact Traumatic Brain Injury
Patterns of neuroanatomical and temporal changes, as well as cell type-specific expression of COX2-immunoreactivity (-ir) are based on peroxidase and dual fluorescence immunohistochemistry studies. Both revealed similar patterns of COX2-ir in these studies. Sham control rat brains exhibited a uniform, bilateral distribution of lightly staining COX2-ir neurons (large cells) in the superficial and middle layers of dorsal and ventral cortex, in the pyramidal and granule cell layers of hippocampus, and in the amygdaloid region. A few faintly staining smaller COX2-ir cells were observed in the middle layers of cortex and in the pia mater. Choroid plexus, thalamus, hypothalamus were usually negative, but the habenula consistently showed one or two faintly COX2-ir neurons. There were a few large and small COX2-ir cells in the sham hippocampus (less than in the cortex). COX2-ir appeared to localize to the cytoplasm and in cellular processes; no nuclear staining was observed.
Following lateral cortical impact TBI, acute and prolonged increases of COX2-ir (cell number and intensity) were observed in the cerebral cortex (ipsilaterally) and the hippocampus (bilaterally), compared to sham controls (Figs. 4-7) . COX2 was induced in both neurons (MAP2-ir, Fig. 4A ,C) and astrocytes (GFAP-ir, Fig. 4B,D) . Increased neuronal COX2-ir appeared in the injured and adjacent cortex at 2 h, 24 h, and 3 days postinjury (Fig. 5) . The intensity of cortical COX2 staining at 24 h was markedly increased (Fig. 5, third panel) , but returned to sham levels by 7 days. Many COX2-ir pyknotic neurons were seen within the site of injury, as well (not shown). Contralateral parietal cortex showed no increases in cell number or intensity of COX2 immunoreactivity.
Increased COX2-ir was also observed in GFAP-ir and other nonneuronal cells in injured cortex. Astrocytic COX2 expression (GFAP-ir, COX2-ir) was observed in the superficial and middle layers of injured and adjacent cortex, as early as 2 h after injury, but peaked at 3 days (Fig. 5 , far right), returning to sham levels by 7 days. A locus of GFAP-ir, COX2-ir cells developed within the injury site starting at 24 h (Fig. 6A) , encapsulating the cavity that developed by 3-7 days postinjury (Fig. 6B ). Diffuse COX2 staining was observed in the internal capsule and corpus callosum in many injured animals, as well. Occasionally, COX2-ir cells were observed in the pia mater, in endothelial cells of larger blood vessels, and in choroid plexus.
In the hippocampus, COX2 staining was modestly increased by 2 h postinjury, increasing bilaterally in the CA1-2 pyramidal neurons, with many astrocytes distributed in the contralateral CA2 (stratum lacunosum-moleculare, slm). By 6 h, neuronal COX2-ir was substantially increased bilaterally, with greater cell numbers and intensity contralateral to injury (CA2, CA3, and dentate gyrus; Fig. 4C,D) . COX2-ir in the CA1-CA2 regions remained elevated (compared to shams) but not as much as at 2 h. At 24 h postinjury, the intensity of neuronal COX2-ir remained elevated in the contralateral regions only. COX2-ir astrocytes were present mainly in the molecular layer bilaterally. Several highly arborized astrocytes were observed from 6 to 24 h in the contralateral CA2-CA3 (slm; Fig. 4D ). By 3 days postinjury, COX2 expression was limited to several intensely stained pyramidal and granule neurons in contralateral CA1-CA3 and the dentate hilus, respectively, with few remaining COX2-ir astrocytes. At 7 days, hippocampal COX2-ir had returned to sham levels.
A patch of intensely COX2-ir neurons appeared in the perirhinal cortex, adjacent to the rhinal notch ( Fig. 7A, IPSI) . Dual immunofluorescence confirmed only neurons (Fig. 7B) . Interestingly, at 2 h and 7 days postinjury these cells appeared bilaterally; however, between 6 h and 3 days, the patch was either obscured by a general increase in COX2-ir (ipsilaterally) or had disappeared (contralaterally). Outside the site of injury, a diffuse increase in ipsilateral cortical COX2-ir was observed at 24 h and 3 days postinjury, but returned to sham levels by 7 days. In addition, a slim band of intensely COX2-ir neurons appeared ipsilaterally, paralleling the piriform cortex, but extending to the inferomedial border of temporal cortex (amygdaloid region). This intense band was present at 6 h but vanished between 24 h and 3 days postinjury.
DISCUSSION
The pattern emerging from these studies was that of early COX2 gene induction in neurons and glia of the injured cortex and hippocampus (bilaterally) following TBI. At 2-6 h postinjury, COX2 was highly induced in the ipsilateral piriform cortex, as well as some ventromedial areas. By 72 h postinjury, COX2 expression in the ipsilateral cortex remained elevated (intensified signal in the middle layers of the parietal cortex, the perirhinal cortex, and piriform cortex). COX2-ir neurons in the perirhinal and piriform cortex, extending into the amygdaloid region have been previously reported (Yamagata et al., 1993; Li et al., 1993; Breder et al., 1995) . However, at early (2 h) and late (7 days) times following LCI TBI, a patch of intensely COX2-ir neurons appeared bilaterally in the perirhinal cortex, adjacent to the rhinal notch. A prolonged (1-7 days) induction of COX2 was also observed in many nonneuronal cells encapsulating the injury site and in a small number of hippocampal astrocytes (bilaterally). The appearance of COX2-ir pyknotic cells and autofluorescent (inflammatory) cells in the injured cortex commenced at about 1 day postinjury and continued throughout the entire period of observation.
There was a transient bilateral increase in the COX2-ir (cell number and intensity) in the hippocampus following TBI. Hippocampal pyramidal neurons exhibited increased COX2-ir bilaterally in the CA1-2 regions at 2 h postinjury. This was accompanied by a brief but intense induction of astrocytic COX2-ir in the contralateral hippocampal CA2-3 regions. There appeared to be a temporal "wave" in the COX2 expression from CA1-2 neurons (2-6 h) to CA3 and dentate gyrus (6-24 h). At 24 h postinjury, COX2-ir was still modestly elevated in the CA3 (contralateral) and dentate gyrus (bilateral). By 3 days postinjury, hippocampal CA1-CA3 regions exhibited sham levels of COX2-ir, with the exception of a few astrocytes in the contralateral CA3 and dentate gyrus. By 7 days, hippocampal COX2 expression had completely returned to sham levels. Interestingly, Nakayama et al. (1998) reported the induction of COX2 mRNA moving in the opposite direction (dentate gyrus → CA3 → CA2-1) between 2 and 24 h following transient global ischemia. Whether this reflects on the observations that mainly CA1 neurons are vulnerable to apoptosis after ischemic insult, while mostly CA3 neurons are lost after TBI, remains to be determined.
Quantitative lysate RPAs showed two-to sixfold increases in hippocampal and cortical levels of COX2 mRNA in LFP and LCI rat models of TBI. Highly variable peak COX2 mRNA levels at the 2-6-h time points were probably due to interanimal variation in the rate of COX2 induction. While slight neuroanatomical differences might be suspected, repeat determinations showed consistent cortical and hippocampal COX2 mRNA levels in coronal sections rostral and caudal to the sections micropunched for these studies. Differences in COX2 levels between the two models might be attributable to the method of collection. The micropunch dissections (LCI samples) were performed using the ISHH observations as a guide, whereas the homogenization of gross brain regions (LFP specimens) would tend to dilute the signal amidst less affected tissue. Decreased ipsilateral hippocampal COX2 mRNA in the LCI specimens at 1-3 days (Fig. 2D ) could reflect neuronal loss. This was not seen with LFP specimens, also possibly due to the method of collection. In a novel immunoblot procedure using micropunches, COX2 protein levels in the ipsilateral parietal cortex were shown to peak around 24 h and remain elevated for at least 3 days following LCI TBI.
The paucity of ipsilateral CA3 hippocampal signal after 24 h was conspicuous (Figs. 1A, 2D ). This was probably due to ipsilateral apoptotic cell loss, characteristic of lateral cortical brain injuries (Conti et al., 1998; Kaya et al., 1999) . The mRNA results matched the histochemistry and immunoblot results, except at 7 days postinjury. At this time, the bilateral appearance of COX2-ir neurons in the perirhinal cortex was not reflected in the mRNA or the immunoblot analyses. This might be due to differences in the sampling techniques (micropunch analyses were performed on parietal cortex dorsal to the rhinal notch).
Our observations of COX2 mRNA, protein, and histology establish distinct temporal and neuroanatomical patterns of gene expression following traumatic brain injury. COX2 is expressed early after TBI and remains elevated for an extended period of at least 3-7 days in brain regions proximal and distal to the site of injury. Many studies describe the brief induction of COX2 after various transient cerebral insults. In other models of brain injury, COX2 expression has been shown to increase from 1 to 24 h, or in the case of transient global ischemia for up to 48 h, but then return to normal (Adams et al., 1996; Kong et al., 1997; Nakayama et al., 1996) . A more prolonged pattern emerges after moderate TBI in the rat. In addition, recent studies of global ischemia (Nakayama et al., 1998; Sairanen et al., 1998 ) demonstrated a 72-h (or longer) induction of COX2. These findings support the hypotheses that the duration of COX2 elevation may reflect the severity of the injury, and/or the repression of COX2 induction may become compromised in more severely affected brain areas. A long period of COX2 overexpression could contribute to progressive loss of neural tissue via oxidative damage, prostaglandin receptor-mediated events, or a combination of these that effect changes at the level of gene expression. These may result in secondary injuries to the brain, promote neuropathology, and worsen behavioral outcome. Recently, Pasinetti and Aisen (1998) have suggested that COX2 may be an etiological factor in Alzheimer's disease. The connection between COX2, traumatic brain injury and cognitive decline has recently become a topic of investigation (Luukinen et al., 1999) .
There is an apparent distinction between the induction of COX2 following TBI and that in response to inflammatory stimuli. Cortical impact TBI stimulates cortical and subcortical COX2 expression in neurons and glia, whereas COX2 induced systematically or centrally by LPS (Cao et al., 1999) appears in cerebral endothelial cells, leptomeninges, and choroid plexus. This may represent a fundamental difference in the mechanism of COX2 function between these two types of injury. Endothelial COX2 is most likely associated with the inflammatory response, temperature regulation and cerebral autoregulation. Neural-derived COX2 may be regulated by glutamatergic activity under normal pathological conditions (Yamagata et al., 1993; Chen et al., 1995; Kaufmann et al., 1996; Adams et al., 1996; Marcheselli and Bazan, 1996) , and might therefore be associated with cell survival (Ho et al., 1998) .
The acute and chronic increases in brain COX2 that follow moderate TBI are maximal in areas known to be specifically associated with the neurological and cognitive deficits that accompany virtually all clinically relevant head trauma. COX2 induction in the hippocampus and perirhinal cortex bilaterally, and in the piriform cortex could be functionally associated with these deficits. LCI is thought to be a model of focal brain contusion. Some contralateral injury may occur, however, this is not supported by morphological evidence and would not account for the dramatic COX2 induction in the contralateral hippocampus. A possible pathway for this phenomenon is proposed as follows. Starting with the early neuroanatomists, the commisural connections in the hippocampus have been thoroughly studied (Ramón y Cajal, 1995) . The CA1 provides the major cortical output of the hippocampus, and has widespread projections to the contralateral CA1, subicular zones, as well as entorhinal cortex (van Groen and Wyss, 1990) . Strong homotopic communication exists both in rodents and primates, particularly in the dentate gyrus and subicular zones (West et al., 1979; Amaral et al., 1984) . In the primate, the presubiculum gives rise to the major contralateral projections of the hippocampus, mostly to the contralateral entorhinal cortex. Homotopic connections from the entorhinal cortex to the dentate gyrus (molecular layer), CA1, and CA2-3 (slm) may be projected contralaterally through the CA1 (slm) and subicular zones to the contralateral medial entorhinal cortex (Ino et al., 1998; van Groen and Wyss, 1990) . COX2 expression is stimulated postsynaptically by glutamatergic neurotransmission in the developing and adult brain (Kaufmann et al., 1996) . COX2 mRNA can be induced in cultured cerebellar granule cells by excitotoxic concentrations of glutamate (K. Strauss and A. Marini, manuscript in preparation) . A potential mechanism, then, for the induction of COX2 in the contralateral hippocampus would be an increase in glutamatergic neurotransmission. This might be caused by a direct release of excitatory amino acids due to the injury (Faden et al., 1989; Katayama et al., 1990; Palmer et al., 1993) , stimulation of ipsilateral hippocampal excitatory crossover neurons, or a loss of inhibitory inputs across the comimssures. The literature does not support an increase in extracellular excitatory amino acids contralateral to injury. However, exclusively excitatory (possibly mossy cell) fibers have been found to cross from the prosubiculum to the contralateral medial entorhinal cortex (van Haeften et al., 1998) . Reports of crossing inhibitory (γ-amino butyric acid, GABA) fibers have long been available (Leranth and Frotscher, 1987; Babb et al., 1988) . Lowenstein et al. (1992) reported that the loss of hilar neurons caused a hyperexcitability in dentate granule cells within 4 h after TBI in the rat. In addition, some of the contralaterally projecting GABAergic neurons are postsynaptic to acetylcholine inputs (Leranth and Frotscher, 1987) . Recently, Dixon (1996 and others have demonstrated decreased cholinergic function in the hippocampus following TBI. This might lead to decreased GABAergic input in the contralateral hippocampus and result in increased COX2 expression via disinhibition of excitatory (possibly mossy) neurons in the dentate gyrus. Of course, the picture may be much more complex; the loss of excitatory crossing fibers could reduce the inhibition of contralateral GABA interneurons, resulting in increased contralateral glutamate release, etc.
Finally, an initial measurement of total prostaglandin levels in parietal cortex at 24 h postinjury showed approximately a fourfold increase ipsilateral to injury (data not shown). This increase corresponds directly to the observed mRNA and protein increases. The changes could be much greater in specific brain regions that were COX2-ir by immunohistochemistry (e.g., perirhinal or piriform cortex, dentate gyrus). To obtain a more complete picture of the physiological role of COX2 following TBI, the prostaglandin and free radical products formed in these brain regions will have to be measured. This could be accomplished either by in vivo stereotactic microdialysis or via an immunoassay sensitive enough to detect individual prostaglandin levels in the extracts of micropunches from frozen brain sections.
We demonstrated that COX2 in the brain was elevated for more than 72 h after TBI. Interestingly, the peak of COX2 expression corresponded temporally and neuroanatomically to the induction of apoptosis in these TBI models. However, the role of COX2 in the pathophysiology of TBI is uncertain. Treatments that prevent COX2 induction (glucocorticoids) or inhibit enzyme activity (indomethacin) have had, at best, equivocal success in the clinical treatment of TBI (Benedek et al., 1987; Biestro et al., 1995; Dahl et al., 1996) . If, contrary to current opinion, COX2 induction were beneficial, then inhibition might result in a worsened outcome. In the laboratory, milder insults (transient focal ischemia, kainic acid injections, etc.) result in a transient induction of COX2 (2-24 h). In contrast, after more substantial challenges (moderate TBI, global ischemia, Alzheimer's disease?), COX2 induction occurs early, but remains elevated for prolonged periods. We propose that the initial response of COX2 induction is adaptive, while the prolonged expression observed following injury is pathological. Two inferences may be drawn from this hypothesis. First, that an active process is necessary to turn down the gain on COX2 expression following certain types of induction. Second, if the initial phase of COX2 expression is beneficial, then delayed pharmacological treatment with steroids or COX2-specific inhibitors could result in better outcomes in animal models of TBI, and may lead to new clinical treatment paradigms, as well.
FIG. 3.
COX2 protein increases in the parietal cortex following lateral cortical impact TBI. (A) Immunoblot analysis of COX2 protein in parietal cortex micropunches (4 × 1,000 μm, from same brains used in RPAs and ISHH, n = 3 per time point). Each lane was loaded with 25 μg of total protein. Electrophoresis, transfer, and detection of multiple blots were performed concurrently to improve reliability. Densitometry was used to evaluate the 72-kilodalton COX2 band (ø = specimen deleted from analysis due to loading problem). (B) Densitometry indicated a marked elevation of COX2 protein in injured cortex at 1-3 days postinjury (*p < 0.05, Dunnett), returning toward sham levels by 7 days. Basal levels of COX2 were present in the sham animals, sacrificed at 1, 3, and 7 days postsurgery and grouped at time 0.
FIG. 5.
Temporal induction of COX2 immunoreactivity in the injured parietal cortex. COX2-ir cells showed a pattern of COX2 induction that complemented the mRNA and protein studies. COX2/MAP2 labeling (first three panels): Sham parietal cortex (left) contained many low intensity COX2-ir neurons. Between 2 h (second panel) and 24 h postinjury (third panel), increased numbers and intensity of COX2-ir neurons appeared in ipsilateral parietal cortex. COX2/GFAP labeling (far right): At 3 days postinjury, mostly COX2-ir astrocytes were observed near the site of injury, and the intensity of COX2-ir was decreased at this time. Dual labeling was performed as described in Methods; only COX2-ir is shown. CXI, ipsilateral parietal cortex. Bar = 50 μm.
FIG. 6.
Encapsulation of the cortical injury site by nonneuronal COX2-ir cells. (A) Injured cortex showed the initiation of a COX2-ir capsule at 24 h postinjury. Dual labeling (COX2/MAP2) indicated that these cells were predominantly nonneuronal, COX2-ir astrocytes, and other cell types (arrowheads). N, neuron; Autofluor, autofluorescence was detected in the injured cortex starting at 24 h (this could have been due to phagocytosis of damaged neural components by inflammatory cells that may have been COX2-ir). Bar = 50 μm. (B) COX2 immunoreactivity (peroxidase staining) in the injured cortex at 7 days postinjury revealed the encapsulation of the injury site by nonneuronal COX2-ir cells (black arrows; × 14). Negligible staining was seen in the contralateral parietal cortex (not shown).
